Pyrochemical methods for reprocessing of spent nuclear fuel are under development as an alternative to the hydrometallurgical processes. The pyrochemical reprocessing process developed in ITU is based on electrorefining of spent fuel in molten LiCl-KCl salt using solid aluminium cathodes. This is followed by a chlorination process for the recovery of actinides from the actinide-aluminium alloys formed and exhaustive electrolysis is proposed for clean-up of the salt from the remaining actinides. In this paper, all investigated techniques are described and the main achievements are summarised. The emphasis is given to the electrorefining, which represents the core process for homogeneous recovery of all actinides from the spent fuel. High efficiency of the process and excellent recovery of actinides over lanthanides have been achieved and very high capacity of solid aluminium to take up actinides has been demonstrated.
Introduction
Managing spent nuclear fuel in a safe and economic manner represents nowadays one of the most important issues connected to the sustainable development of nuclear energy production. "Partitioning and Transmutation" (P&T) concept is an advantageous alternative to the direct disposal of spent nuclear fuel into the deep geological repositories. This strategy is based on recovery and recycling of plutonium and minor actinides, i.e. Np, Am and Cm. Pyrochemical processes for reprocessing of spent nuclear fuel are investigated worldwide as an alternative to the traditional hydro-metallurgical methods ______________ [1] . They rely on simple inorganic compounds, which have high thermal and radiation stability, allowing considerably shorter cooling times of the fuel before entering the reprocessing. In addition, pyrochemical techniques seem to be crucial for the advanced fuel cycles of the Generation IV reactors [2] . The new types of fuels planned for these reactors (e.g. metallic, nitride, carbide, CERMET fuels and fuels with inert matrices) might be difficult to process by hydrometallurgical methods due to their limited solubility in aqueous media.
The Pyrochemical reprocessing developed at ITU is based on electrorefining of spent fuel in a molten LiCl-KCl bath using reactive solid aluminium cathodes [3] . In this process, the fuel is electrochemically dissolved in the carrier melt forming a mixture of actinides (An) and fission products (FP) ions. All actinides are selectively recovered from the melt by electrodeposition on solid aluminium cathodes in the form of solid actinide-aluminium (An-Al) alloys.
During the process, the fission product(FP) content in the bath continuously increases, as they are dissolved from the fuel without reduction. After a 'critical' FP concentration is reached, the deposition potentials of An's and FPs become too close to allow maintaining the selectivity and the process has to be stopped. The actinides have to be recovered in order to enable recycling (or disposal) of the salt. A group-selective electrolysis using an inert chlorine gas producing anode and solid aluminium cathodes ('exhaustive electrolysis') is proposed for cleaning of the salt from actinides [4] .
In both the electrochemical techniques, actinides are recovered as An-Al alloys. A chlorination route is under development for back-extraction of actinides from the alloys formed [5] . The chlorination process is composed of three main steps: Vacuum distillation for removal of the residual salt adhering on the surfaces of the electrodes, chlorination of the alloys yielding actinides and aluminium chlorides and removal of the latter by sublimation. A simplified scheme of the pyrochemical reprocessing flowsheet as proposed in ITU is shown in Fig. 1 . 
Electrorefining
A systematic experimental study was performed in ITU to obtain accurate knowledge of actinides dissolved in molten LiCl-KCl eutectic salt. Transient electrochemical techniques like Cyclic voltammetry, Chronopotentiometry, Square-wave voltammetry or Open circuit chronopotentiometry were used on different inert and reactive electrodes. Apart from evaluating the electrochemical behaviour and thermochemical data for pure actinides [6] , investigations on actinide-aluminium intermetallic compounds were carried out [3, [7] [8] [9] . A summary of deposition potentials of selected actinides and lanthanides experimentally determined on different electrode materials is shown in Fig. 2 . Results of the studies led to the development of the electrorefining process for group-selective recovery of actinides from nuclear fuel using reactive solid aluminium cathodes. In this process, electroseparation of actinides from fission products is carried out in a LiCl-KCl molten salt at 723 K by applying constant current between the metallic fuel contained in a tantalum basket and an aluminium cathode. During the electrolysis, actinide cations arising from the anodic oxidation of the fuel are electro-transported and deposited onto the aluminium cathode where they form An-Al alloys.
Alkali, alkaline earth metal and rare earth fission products are also dissolved in the melt during the process, but they are not reduced thanks to the controlled deposition potential. Theoretically, zirconium and more noble metal FP should not be oxidised and remain in the anodic basket. However, in practice, the extent of their co-oxidation depends on the portion of recovered actinides. According to Westphal [10] , the oxidised noble metals will be probably partly co-deposited with An and partly remain on the electrolyser hardware. The principle of the electrorefining process is illustrated in Fig.3 
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Anodic dissolution
Molten LiCl-KCl (450°C) The selectivity of this process is maintained by controlling the cathodic polarisation above a cut-off potential for co-deposition of fission products. A group selective separation of An's from Ln's was demonstrated by electrorefining of simulated An-Ln-Zr fuel produced in ITU (METAPHIX-1 fuel, composition U 61 -Pu 22 -Am 2 -Nd 3.5 -Gd 0.5 -Y 0.5 -Ce 0.5 -Zr 10 ). More than 20 electrolyses were carried out with 24 g of metallic alloy. During the experiment, pieces of metallic alloy were loaded into an anode basket and immersed in the molten salt which already contained actinide and lanthanide ions. A constant current was then applied between the basket and an aluminium cathode. During the electrorefining step, the metallic alloy was anodically dissolved feeding An 3+ and Ln 3+ to the salt. Actinides were collected together onto the Al foil as An-Al alloys leaving lanthanides in the salt phase. Destructive (ICP-MS) and non-destructive (Calorimetry, Neutron coincidence counting, Gamma spectrometry and X-ray fluorescence) analyses were used to monitor the concentration of An and Ln both in the salt and in the deposits. During electrolysis, the overall concentrations of actinides in the salt phase remained relatively unchanged, whereas the Ln concentrations were slightly increasing. This corresponds to the expected behaviour.
Homogeneous and compact deposits were obtained at the Al cathode containing mainly U, Pu and Am. The excellent separation of actinides from lanthanides was shown, since the deposit was composed of more than 99.9 wt. % actinides. Even when comparing only Am to lanthanides in the deposit, a very efficient separation was achieved [11] . Compositions of the selected deposits during electrorefining of METAPHIX-1 fuel are shown in Table 1 together with the concentrations of actinides and fission products dissolved in the melt at the beginning of each run. Table 1 Total masses (mg) of actinides (An = U, Pu, Am) and fission products including Zr (FP = Y, Ce, Nd, Gd) in the deposits and their concentration in melt (wt. %) for selected runs during electrorefining of METAPHIX-1 fuel Several experiments were carried out to characterise An-Al alloys formed by electrodeposition of individual actinides or their mixtures from LiCl-KCl based melts [12, 13] . The theoretical maximum loading of An in an Al cathode is dependent on the alloy composition. For An-Al 3 alloy, this value is app. 2.94 g of An in 1 g of Al, which corresponds to 74.7 wt. % An. Electrorefining of U-Pu-Zr alloy (71-19-10 wt. % respectively) in LiCl-KCl-UCl 3 -PuCl 3 -GdCl 3 melt was used to examine the maximum possible loading of the solid Al electrodes. The highest An content in Al was achieved for potentiostatic electrolysis, with 2.3 g of An loaded into 1 g of Al. The average achieved value for all experiments was 1.9 g of An. An example of almost fully loaded Al cathode prepared by the electrorefining process is shown in Fig.4 . Although the experiments with thin Al plates showed a very high capacity of Al to take up actinides, the maximum An content will be limited by the intermetallic diffusion of An and Al through the solid alloy phase. With increasing thickness of the alloy, the deposition of An as An-Al alloy will be more Resin difficult and the cathodic potential will be shifted towards deposition potential of lanthanides. The final point for the process will be reached when the potential becomes too negative to allow the selective separation.
Exhaustive electrolysis
As mentioned above, the concentration of FP in the electrolyte gradually increases during the electrorefining process and consequently the deposition potentials of An and FP get closer to each other. When a critical concentration ratio is reached, the process has to be stopped and the used electrolyte has to be recycled or replaced by a fresh one. A theoretical second option is to constantly remove a part of the electrolyte and clean it from FP; however it can not be achieved without extraction of actinides.
A multiple-step procedure is proposed for cleaning of the carrier salt. Initially, a process referred as 'exhaustive electrolysis' is applied. Similar to the electrorefining step, this process is based on the selective grouped electrodeposition of An on the solid Al electrodes forming An-Al alloys. In the following steps, the residual salt is fully cleaned from the remaining actinides by non-selective processes, e.g. electrolysis, reductive extraction or other techniques. Here, the An are recovered together with certain portion of fission products.
The principle of the proposed exhaustive electrolysis process is illustrated in Fig. 5 . Actinide ions are group-selectively deposited on the Al electrode as An-Al alloys, while chlorine gas is produced by electrochemical decomposition of the carrier salt on the anodic side. FPs remain in the salt due to the controlled cathodic potential. In order to maintain the selectivity, the electrolysis has to be operated at lower current densities compared to the electrorefining. However, it is expected that larger electrodes could be applied in this step in order to keep the current at the acceptable level. While a symmetric geometry of electrolytic cell with a cylindrical cathode is intended for the electrorefining step, a set of several planar electrodes is considered for the electrolysis.
Investigations on the exhaustive electrolysis technique started recently However the main principles were demonstrated by recovery of U from UCl 3 and UCl 3 -NdCl 3 mixture [4] . Two melts were prepared for the experiments: LiCl-KCl-UCl 3 (2.26 wt.% U) and LiCl-KCl-UCl 3 -NdCl 3 (1.69 wt.% U, 1.73 wt.% Nd). A special chlorine gas producing inert anode was designed and tested. The formed chlorine was separated from the bulk of the salt by a quartz frit. The electrolyses were carried out in a galvanostatic mode at a constant temperature of723 K. During the experiment, the current was manually controlled in a way to keep the cathodic potential in a region for selective group separation of An from Ln. The concentrations of U and Nd were determined by ICP-MS analyses of the melt, the deposits were analysed by XRD and XRF techniques. Both runs showed high efficiency of cleaning of the salt from U. 0.07 and 0.14 wt. % U remained in the salt after the electrolysis of the UCl 3 and UCl 3 -NdCl 3 melts, respectively, and no co-deposition of Nd was detected. Relatively high current efficiencies, more than 90% were achieved. However, relatively low normalised average current densities had to be applied, 2.5 and 1.3 mA cm -2 wt.%(U) -1 , to maintain selectivity of the process. Comparison of the dependency of maximum applicable current densities on uranium concentration for both experiments is shown in Fig.6 together with the normalised current densities for each measured concentration. The U recovery yields on the electrodes were also rather poor. It was not expected, since during the electrorefining experiments, well adhered An-Al alloys were always achieved. It was possibly caused by technical problems in maintaining the inert atmosphere during the experiments. Nevertheless, the experiments proved the feasibility of the technique and promising results for further development of the method have been achieved.
An recovery by chlorination
Efficient recovery of An from the An-Al alloys formed by both electrochemical techniques is a key point for the establishing the feasibility of the overall reprocessing process. Chlorination by pure chlorine gas is being investigated in ITU. The method is based on the different volatility of actinides chlorides and AlCl 3 and it consists of three main steps: (i) vacuum distillation for removal of salt adhered on the electrodes after the electrochemical separation process, (ii) chlorination of the entire deposit (An-Al alloys) by chlorine gas and (iii) sublimation of formed AlCl 3 by heating under inert atmosphere. The final step, which may consist of chemical reduction of the An chlorides to metals, is presently not being investigated in ITU. A scheme of the chlorination route is shown in Fig.7 .
A detailed theoretical study of the complete chlorination process has been realised using the programme FactSage [14] . It has shown thermodynamic possibility of all considered steps and the optimum parameters suitable for the An recovery have been proposed. In addition, it has indicated that the most problematic part of the process would be to provide complete chlorination of An-Al alloys without formation of volatile An chlorides. Two experimental studies were carried out in order to determine the parameters for the process from the point of reactions kinetics and to show the chlorination efficiency and actinides volatilization under the given conditions. The first series was focused on the chlorination step using pure UAl 3 alloy prepared by an arc melting of the pure metals [5] . The influence of the working temperature under a given Cl 2 /UAl 3 molar ratio 36 was investigated in order to determine the optimal process conditions, providing complete chlorination without uranium losses by volatilisation. The tested temperatures were423,433 and 443 K. In addition, one run at 423 K with a lower Cl 2 /UAl 3 molar ratio 18 was realised.
The chlorination was carried out in static conditions. The UAl 3 alloy was introduced in a BN crucible in a quartz reactor, which was heated, filled with pure chlorine gas and isolated for 20 hours. The procedure was repeated twice. The solid chlorination products were sampled and analysed by XRD and ICP-MS, as well as the possible condensate from the cold parts of the quartz reactor. In all cases, a green powder was obtained after the chlorinations. A summary of the results is given in Table 2 .
An efficient chlorination of UAl 3 alloy with no volatilisation of uranium was achieved already at423 k. The molar ratio Cl 2 /alloy 18 was enough to reach conversion 99.8 % of UAl 3 to chlorides at this temperature. The lower efficiency in run at 433 K can be explained by formation of agglomerate from the alloy, which prevented full chlorination. 443 K is the limiting temperatue for chlorination, if volatilization of uranium is not desirable. Traces of UCl 5 were detected in the products from this run and ICP-MS analyses proved U in the deposit on the cold parts of the reactor. A major part of AlCl 3 had been separated already during the chlorination step, since the sublimation yield was estimated between 85% and 94%. The second part of the experimental study was devoted to the demonstration of all main steps of the process by processing of U-Pu-Al alloys formed by electrodeposition of U and Pu on solid Al plates from LiCl-KCl-UCl 3 -PuCl 3 melt. Two electrodes were prepared by potentiostatic electrorefining of UPu-Zr alloy and almost 1.5 g of the U-Pu-Al alloys was obtained, including in average 16.5 wt.% of the adhered salt (see Table 4 ). Material from both electrodes was separately treated in a three-step procedure described in Table 3 , using the experimental set-up mentioned above. The composition of the initial material and products of each step are given in Table 4 . No salt was detected by XRD in the products after distillation.. According to the mass balance and ICP-MS analyses, the efficiencies are 96-98%. No actinides were analysed in the condensed salt recovered from the cold parts of the reactor. First 20 hours of chlorination were not enough to fully chlorinate the alloys, but second chlorination increased the conversion ratio to 97%. In addition, XRD showed that all AlCl 3 had evaporated already during the chlorination. However, the sublimation steps were realised, since the analyses were evaluated only after termination of the complete experiments. No actinides were detected in the condensate after both chlorination and sublimation. Table 4 Composition of the products after each step of the chlorination process (0 -initial material, 1 -sublimation products, 2 -products after 1 st chlorination, 3 -products after 2 nd chlorination and sublimation)
Nevertheless the conversion ratio of the chlorination step seems to be somewhat lower than the one achieved during chlorination of pure UAl 3 alloy, the proposed process seems to be feasible for recovery of actinides from the An-Al alloys.
Conclusion
Pyrochemical processes for reprocessing of spent nuclear fuel are under development in ITU. The flow-sheet is based on electrorefining of metallic fuel in molten LiCl-KCl based electrolyte at 723 K using solid aluminium cathodes. Experiments carried out with individual actinides and lanthanides, UPu-Zr alloys and with the simulated metallic alloy fuel 'METAPHIX-1' containing U, Pu, Am, Zr and lanthanides have demonstrated an excellent selectivity and efficiency of the process for recovery of actinides over lanthanides. The deposits from electrorefining of the latter aree mainly composed of actinides, up to 99.95 wt. %. In addition, high capacity of solid aluminium to take up actinides has been shown, when up to 2.33 g of An has been loaded into 1 g of Al. However, in the real process the maximum Al capacity will be limited by the intermetallic diffusion through the gradually increasing AnAl alloy layer.
Exhaustive electrolysis technique is studied for separation of actinides from the molten salt electrolyte originated from the electrorefining process. The most important problem in this case is high concentration of lanthanides in this melt. A chlorine gas producing inert anode has been designed and successfully tested. The first experiments have been carried out and uranium was extracted from UCl 3 and UCl 3 -NdCl 3 containing melts up to concentration 0.07 and 0.14 wt.%, when its concentration has been decreased about 12 times with no co-deposition of Nd. It has indicated possibility of cleaning the melt in two steps, starting with selective separation of the actinides and following by non selective extraction of the residual actinides together with fission products.
Chlorination route is investigated for recovery of actinides from the An-Al alloys formed by the electrochemical separation methods. Chlorination has been studied using pure UAl 3 alloy and the complete process has been demonstrated by processing of U-Pu-Al alloys prepared by electrodeposition of the actinides on Al plate in LiCl-KCl based melt. Parameters proposed by a thermochemical study of the systems have been optimised and high efficiency of all process steps has been shown, when the conversion ratios to chlorides were up to 99.8% and 97.0% for UAl 3 and U-Pu-Al alloys, respectively. No losses of actinides by volatilisation have been detected at the experimentally determined working temperature of423 K.
Very promising results have been obtained for all studied techniques involved in the investigated pyrochemical reprocessing process. Although experiments with more complex material and further technical optimisation is still needed for exhaustive electrolysis and chlorination, a laboratory scale demonstration of the main process -electrorefining -is planed with irradiated metallic fuel in a near future.
